Abstract: Wound healing is a well-orchestrated process, with various cells and growth factors coming into the wound bed at a specific time to influence the healing. Understanding the wound healing process is essential to generating wound healing products that help with hard-to-heal acute wounds and chronic wounds. The 2D scratch assay whereby a wound is created by scratching a confluent layer of cells on a 2D substrate is well established and used extensively but it has a major limitation-it lacks the complexity of the 3D wound healing environment. Established 3D wound healing models also have many limitations. In this paper, we present a novel 3D wound healing model that closely mimics the skin wound environment to study the cell migration of fibroblasts and keratinocytes. Three major components that exist in the wound environment are introduced in this new model: collagen, fibrin, and human foreskin fibroblasts. The novel 3D model consists of a defect, representing the actual wound, created by using a biopsy punch in a 3D collagen construct. The defect is then filled with collagen or with various solutions of fibrinogen and thrombin that polymerize into a 3D fibrin clot. Fibroblasts are then added on top of the collagen and their migration into the fibrin-or collagen-filled defect is followed for nine days. Our data clearly shows that fibroblasts migrate on both collagen and fibrin defects, though slightly
Introduction
Wound healing is a complex process that consists of four main stages: hemostasis, inflammation, proliferation, and remodeling of the tissue [6, 21] . In the initial stage of wound healing, a fibrin clot is formed at the site of the wound shortly following injury [6, 21] . Fibrinogen is cleaved into fibrin monomers by thrombin, and the peptide monomers are polymerized by Factor XIII [21] . The resultant fibrin acts as a scaffold for various cells to move in and out of the wound bed [21] . Five to seven days after the initial injury, fibroblasts migrate to the wound site, secreting new collagen, and keratinocytes migrate from the wound edge and form a thin epithelial cell layer to close the wound [6, 21] . Various growth factors secreted by invading cells such as macrophages, fibroblasts, and keratinocytes play an essential role during this process [6, 21] . Examples of these growth factors include epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF) [1, 2, 10, 14] .
In the United States, chronic wounds cost $20-25 billion a year, and acute or traumatic wounds add another $7-10 billion annually. There are highly developed wound products including wound dressings (alginates hydrocolloids and hydrogels), skin substitutes, and growth factor based products that are used to treat chronic wounds [21] . It is known that these products do not work well on all patients, suggesting a lack of understanding of the wound healing process, especially in chronic wounds. To that extent, it is very important to establish a 3D wound healing model that helps with better understanding wound healing in general and cell migration specifically. Existing wound healing models range from simple 2D in vitro models to 3D in vivo models [3] . In the well-established 2D scratch assay, a wound is created by scratching a confluent layer of cells seeded on a substrate and cell migration into the scratch (wound) is followed [20] . A major limitation of this model is that it lacks the complexity of the wound bed microenvironment. More advanced 3D wound healing models have been established over the last few years. For example, in a wound healing model by Karamichos et al., 2009 [12] , fibroblasts are embedded in a 3D collagen construct and the cell migration is followed from the denser collagen matrix into a surrounding matrix. The limitations of this model include the use of only one type of ECM protein and one cell type. An improved 3D in vitro model is the "human skin equivalents" [3, 22] ; it contains a stratified layer of keratinocytes and keeps the surface at an air-liquid interface. In this model, the wound closes in 48-72 h, which is comparable to the in vivo environment [3, 22] . A third 3D model is an example of a 3D in vivo model where skin equivalents are cultured with keratinocytes and then grafted into mice [9] . Our novel 3D model presented in this study has many advantages including the ability to use more than one substrate and more than one cell type in a 3D construct that mimics the wound bed. This work is based on the extensive work that this lab published over the last 10 years studying the proliferation, migration, and behavior of various cell types including fibroblasts, keratinocytes, monocytes, and mesenchymal stem cells in a 3D fibrin construct [4, 7, 8, 11, 15, 16, 19] .
In this paper, we present a novel 3D wound healing model that better resembles the wound bed during the wound healing process. The novelty of this model is the ability to cointroduce multiple cell types and many growth factors and be able to measure the cell migration. This initial paper introduces this new 3D wound healing model. We used fibroblasts as an example to show the complexity and the potential of the model. Ongoing work includes cointroducing fibroblasts in the 3D collagen construct while adding keratinocytes on the top and following the migration of both cells in the defect. We are also using the model to examine the effect of various growth factors introduced in the defect on cell migration. The model could also be used to study the effect of different drugs on cell migration during the wound healing process.
Materials and Methods

Cells
Human foreskin fibroblast (HFFs) lines from ATCC (Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's Medium (DMEM) from CellGro (Manassas, VA, USA) with 4.5 mg/mL glucose, 10% fetal bovine serum, and 5% penicillin/streptomycin. Cells were maintained in an incubator at 37 °C and 5% CO2. Human epithelial keratinocytes (HEK001, ATCC CRL-2404, Manassas, VA, USA) were cultured in keratinocyte serum-free media (GIBCO) in 5% CO2 at 37 °C. The medium was changed every three days, and cells were passaged to new flasks upon reaching confluence. Passage 6-10 keratinocytes were used.
2D Scratch Wound Assay
One milliliter of protein-containing solution (fibrinogen or collagen) was pipetted into a 12-well plate. The well plate (polysterene) was used as a comparative control. After a one-hour incubation to allow proteins to adsorb to the surface, the remaining solution was removed and the surface was washed twice with DPBS. Eighty thousand cells/cm 2 were seeded in each well. A reference point was drawn on the bottom of each well. The plate was incubated overnight to allow the cells to adhere to the substrate. The next day, a pipette tip was used to scratch the confluent cell layer. A Leica DM IRB bright-field microscope was used to image each scratch wound at the reference point. This process was repeated at hourly time points to monitor the cell migration to close the wound area.
Preparation of the 3D Model
Biopsy Punch Fabrication
Seven hundred microliter 2.5 mg/mL Purecol (Advanced Biomatrix, San Diego, CA, USA) collagen gels were formed in a 12-well plate. NaOH (0.1 N) was added to the collagen and 1 × PBS to neutralize and polymerize the collagen. The well plate was placed in the incubator at 37 °C for an hour to allow the collagen to fully polymerize. HFFs were trypsinized using TrypLE Select (Gibco). A specific number of HFFs were isolated to give a final concentration of 3 × 10 5 cells/gel and stained with Vybrant DiO (Invitrogen, Carlsbad, CA, USA). After staining, the cells were washed three times, then seeded onto the collagen gel. After 3 h, a 2 mm biopsy punch attached to a vacuum line was used to punch regions out of the collagen gel. These defects were then filled with 2.5 mg/mL collagen or 10 mg/mL purified fibrinogen (Enzyme Research, South Bend, IN, USA) with 10 IU/mL thrombin (Gibco, Carlsabad, CA, USA). Once the defects were polymerized, 1 mL of media was added to each sample well.
Preparing Conditioned Media
For each 3D model, a 2D layer of confluent HFFs was seeded in a separate well plate. We prepared the conditioned media in a separate well plate; the number of wells needed corresponded to the total sample wells containing the 3D model. For the scratch-conditioned media, fresh medium was added, and the 2D layer of cells was scratched with a pipette tip 24 h prior to the time point. For the confluent conditioned media, fresh medium was supplied to a confluent 2D layer of HFFs 24 h prior to the time point. After each time point, the medium from the 2D layer was removed, spun down, and added to the 3D construct. For the control, fresh medium was added.
Measuring Cell Migration
Prior to imaging, the gel surface was gently rinsed three times with medium. The construct was imaged using a Nikon Eclipse Ti fluorescent microscope at day 0, 3, 6, and 9. The FITC filter was used to image the HFFs. The images were further analyzed using ImageJ software to quantify the distance between migrated cells and the wound edge. Day 0 was treated as our reference, since the defect area shrunk as HFFs moved toward the center of the defect, and the migration rate was obtained by plotting the data points from ImageJ.
Statistical Analysis
Data were presented as the mean ± standard error, with n = 3 (triplicate constructs per condition, repeated three times). Data were assessed using Student's t-test, with p < 0.05 considered significant.
Results
Cell Migration in 2D Scratch Assays
In this experiment, we created a scratch in a confluent layer of fibroblasts seeded on collagen, fibrin, or polystyrene and measured the fibroblasts migration over two days. Visual analysis (Figure 2) showed that fibroblasts migrated into the wound within 31 h on all three substrates. The migration rate was calculated to be of 630.30 ȝm/day. After analysis of the distance migrated and looking at a percent of total distance migrated, there was not a significant difference among the different substrates (Figure 3) . 
Cell Migration on 3D Models
HFF Migration from Collagen to Collagen
The new 3D wound healing model consists of fibroblasts added on the top of a 3D collagen construct with four biopsies (wounds) that are equally separated from each other and from the edge of the well. The generated wounds are then filled with either collagen or fibrin. ImageJ software is used to measure the distance from the wound edge to the leading edge of migrated cells. Pixel measurements are converted to micrometers by using a hemocytometer for scale.
For small wound defects, fibroblasts migrated over half of the defect by day 3, and completely covered the defect by day 6 in most trials. For lager wound defects, although fibroblasts did not cover the entire defect as fast as those with a smaller wound area, the migration rate was similar. Thus, the size of the defect did not have a noticeable effect on the cell migration rate. Quantification of the images (Figure 4 ) illustrated that the bulk of the migration has occurred by day 6. This corresponded with an overall migration rate of 249.09 ȝm/day.
Next, we examined the effect of using a conditioned medium from 2D scratched assays to determine if the released growth factors and chemoattractants due to the scratch (wound) affect cell migration in the new 3D wound model. To that extent, we used three different sources of media: first, a fresh media added directly to the 3D construct; secondly, the source was a conditioned medium from the unscratched 2D assay; and, finally, a conditioned medium was taken from the scratched 2D assay. Comparing the rate of migration among the three conditions, we found that there was a slightly higher rate of migration with conditioned media but not statistically significant (Figures 4 and 5) . . Three-dimensional wound migration assay. Fibroblast migration from collagen to a collagen defect with (A) control medium, (B) conditioned medium from a scratched 2D layer of HFFs, or (C) conditioned medium from a non-scratch confluent 2D layer of HFFs. Migration measured using ImageJ as distance from wound edge to edge of migrated cells. Cells began to infiltrate the wound area by day 3 and cover the wound by day 6 for defects that had a similar size, shown here. For larger defect areas, cells completely covered the wound by day 9 in the majority of cases. Images taken at 2.5 × magnification. 
HFF Migration from Collagen to Fibrin
We filled in fibrin in the defects instead of collagen in a 3D collagen construct. The rate of migration is determined by the same method as mentioned above for the collagen-to-collagen model. In 3D constructs with small wound size defects, fibroblasts covered the entire defect by day 6, and there were not any significant differences in migration rate among fresh medium and conditioned medium from scratched or unscratched 2D plates (Figure 6 ). The migration rate of fibroblasts from collagen to fibrin was 144 ȝm/day on average (Figure 7) . In other words, changing the defect filled in from collagen to fibrin, which more closely resembled the actual wound environment, the distance of migration observed from the collagen to fibrin model was slightly less than those from the collagen to collagen model, but closer to the in vivo studies. Figure 7 . Three-dimensional wound migration assay. Fibroblast migration from collagen to a fibrin defect with two medium conditions (non-scratch and scratch). Distance migrated measured in ImageJ as the distance between the wound edge and the leading edge of cell migration.
HFF Migration: Biopsy Punch vs. Mold Model
We have also tested a different approach to create a defect. We used a mold to fabricate the wound defects, which compressed the sample to the shape of the mold. We did not continue with the mold model since cell migration was not observed using the mold constructs (Figure 8 ). Two types of cells, fibroblasts and human epidermal keratinocytes, were introduced separately into the model, but both ended up with similar results. Therefore, we discontinued the mold model approach. 
Discussion
A better understanding of the wound healing process leads to generating better products that aid in healing hard-to-heal wounds such as chronic wounds. Cell migration during the wound healing process is an important step of a complete healing. In vivo, the wound healing process includes different cell types (macrophages, fibroblasts, and keratinocytes) coming in and out of the wound bed at different time points. Mimicking the in vivo milieu with an in vitro 3D model will assist wound healing scientists to better understand the wound healing process and aid companies in generating better products that heal wounds faster.
Existing 3D wound healing models have advantages and disadvantages. For example, a model established by Karamichos et al. [12] uses 3D collagen matrices whereby cells migrate out of the matrix. The limitation of this model is the use of only one cell type. Another 3D in vitro model is "human skin equivalents" which consist of a stratified layer of keratinocytes and keep the surface at an air-liquid interface. However, again this model only introduces one cell type [9] .
. Finally, there is a 3D in vivo model where skin equivalents are cultured with keratinocytes and then grafted into mice [8] . Our novel 3D in vitro model allows for the study of cell migration between two different substrates and the use of many different cell types, more closely resembling the milieu of the wound environment. In this study, we have established a novel wound healing model that is more representative of the in vivo wound than the existing 3D models. We have examined fibroblasts' migration from collagen into a collagen-filled "wound" and from collagen into a fibrin-filled "wound." We found that fibroblasts migrated over half of the collagen wound by day 3, and completely covered the defect by day 6 in small defects. Fibroblast migration rate from 3D collagen into collagen defects was similar for both small and large defects and was equal to 249.09 ȝm/day. We have also found that taking a condition medium from a 2D scratched wound healing increased the migration rate slightly but not statistically significantly (Figures 4 and 5 ) over untreated 3D collagen models, suggesting that some factors released from scratched wounds might be affecting cell migration. Ongoing work is focusing on identifying these factors. Furthermore, we found that fibroblasts' migration rate from collagen to fibrin was 144 ȝm/day on average (Figure 7) , which closely resembles the actual wound environment. The distance of cell migration observed from the collagen to fibrin model is less than those from the collagen-to-collagen model, but closer to the in vivo studies.
There is a need for a more complex model than the 2D scratch wound assay to study migration in the wound environment. Cultured skin equivalents grafted into mice resulted in a cellular migration rate of 120 ± 75 ȝm/day. The average migration rate calculated in our collagen-to-collagen wound model was 249.09 ȝm/day. On the other hand, the average migration rate in the collagen-to-fibrin model, which is more representative of the wound environment, was 144 ȝm/day, which is similar to the range found in the in vivo study. This demonstrates that our model closely represents the wound environment.
We are in the process of modifying the model further. For example, we are in the process of adding monocytes to create a baseline of how growth factors secreted from monocytes that are typically present in the wound healing environment affect fibroblast and keratinocyte migration (Figure 1 ). We are also studying the effect of localized release of various growth factors such as KGF, FGF, TGF-ȕ, PDGF, and CTACK/CCL27 on cell migration. This localized release is accomplished by creating fibrin beads with growth factors and embedding these beads inside the fibrin defects. The growth factors are diffused outwards, allowing us to observe their effect on the migration of fibroblasts and keratinocytes. A 3D construct that contains monocytes, fibroblasts, stratified keratinocytes, and fibrin beads with growth factors embedded is a more complex model to study wound healing. 
Conclusion
We present here a novel 3D wound healing model by introducing a defect filled with fibrin in a 3D collagen construct. The model is used to determine the effects of various growth factors, delivered in the wound defects, on fibroblasts' and keratinocytes' migration into the defects. This novel 3D wound healing model offers a complex wound healing assay than existing wound models.
